Autolytically liberated spores of Clostridium pasteurianum possessed an openended exosporium, which scanning electron microscopy showed as a flimsy integument draped around the rigid spore body. Critical point drying prevented collapse of the exosporium and a material connexion between spore and exosporium was observed in specimens prepared by this technique. A variety of electron-microscopic techniques showed that the exosporium possessed a relatively simple multilamellar structure, each lamella consisting of subunits arranged in paracrystalline array which in surface view displayed hexagonal symmetry. Possible model structures based on these findings are considered.
INTRODUCTION
The spores of several species of Bacillus and Clostridium are contained in sac-like exosporia. These may be tightly or loosely fitting, quite simple in structure or complexly compounded of several distinct layers. Most is known of the loose-fitting exosporium of Bacillus cereus which consists of an outer layer bearing a nap of hair-like projections (25 nm deep) separated by an intermediary layer (6 nm) from a basal layer (19 nm) which appears quadrilamellar in cross-section, and as a hexagonally ordered lattice of subunits in surface view (Gerhardt & Ribi, 1964) . Homogenous fragments of this exosporium contained protein (5273, amino and neutral polysaccharides (20%) and lipids (18%) (Matz, Beaman & Gerhardt, I 970); such fragments solubilized by treatment with sodium dodecyl sulphate could re-aggregate to yield paracrystalline sheets with the same hexagonal lattice symmetry as the native exosporium (Beaman, Pankratz & Gerhardt, 1971) . A similar 'typical' exosporium has been found on spores of some strains of B. megaterium (Beaman, Pankratz & Gerhardt, 1972 )~ but, although some species of Clostridium possess this form of exosporium (Hoeniger & Headley, 1969 ; Samsonoff, Hashimoto & Conti, rg70), three types of exosporium have been identified in Clostridium strains (Hodgkiss, Ordal & Cann, 1967) and even closely related species of Clostridium produce exosporia of quite different structure (e.g. the butyric clostridia examined by Rousseau, Hermier & Bergere, 1971 ).
Mackey & Morris (1971) obtained some evidence that the exosporium of Clostridium pasteurianuiu was open at one end, but were uncertain whether this was due to rupture during specimen preparation. This paper confirms that the exosporium of C.
pasteurianunt is indeed open-ended and describes ultrastructural details revealed by a variety of electron microscopic procedures.
and the pellet resuspended in 2 :h (wlv) aqueous uranyl acetate. Droplets of this suspension, removed immediately or after 2 h, were transferred to formvar-coated 200-mesh copper grids and excess liquid drawn off with filter paper. Freeze etching. The procedure has been described by Short & Walker (1971) . Preparation of platinum-shadowed specimens. Celloidin-coated zoo-mesh copper grids were attached by dual-surfaced adhesive tape to a clean microscope slide. Using an atomizer, an aqueous suspension of spores was sprayed on to the grids which were then dried in air, shadowed with platinum (at an angle of approx. 2 0 ' ) and finally coated with a very light film of carbon using an NGN coating unit (NGN Ltd, Accrington, Lancashire).
Preparation of carbon replicas. Spores mounted on formvar-coated zoo-mesh copper grids were platinum shadowed and carbon coated (as above); carbon replicas were then made by the method of Bradley & Williams (1957) .
Critical-point drying. One drop of the aqueous spore suspension was placed on a formvarcoated zoo-mesh copper grid. When sufficient time had elapsed to allow the spores to settle onto the grid, excess water was shaken off and the grid was placed vertically in a grid-holder to facilitate handling as the unfixed spores were dehydrated by serial passage through 50 0,/6, 70 yo and 90 o//o (v/v) ethanol: water mixtures (30 s in each) and finally, after 30 s immersion in absolute ethanol, placed in amyl acetate. The specimen was then quickly transferred to an apparatus of the type described by Anderson (1951) in which the amyl acetate was quickly replaced by liquid C 0 2 . The pressure chamber was sealed and the temperature raised to 4 5 "C, i.e. above the critical point of CO, (31 "C). The resulting transition from liquid to gaseous CO, was accomplished without any passage of a liquidlgas boundary through the specimen so that when the C 0 2 was allowed to escape, the dry specimen which remained was free from much of the distortion (collapse) caused by surface tension forces during the more usual air-drying procedures.
Optical diflractometric analysis. A method of determining periodicities in electron micrographs using optical transforms was described by Klug & Berger (1964) ; our optical transforms were obtained from negative electron-microscope plates using a prototype diffractometer being developed by Rank Precision Industries Ltd, Leicester.
Scanning electron microscopy. Aluminium-coated spores were exanlined in a Cambridge ' Stereoscan' electron microscope (Cambridge Scientific Instruments Ltd). 
(Ex).
Presence of an opening in the exosporium. Mackey & Morris (1971) found that the exosporium of Clostridium pasteurianum apparently contained a basal hole visible in medial longitudinal sections. To confirm the presence of this opening in the untreated exosporium, spore suspensions were mixed with electron-dense particles (ferritin, I I nm diameter; T6 coliphage, 65 nmwidth) to see whether the particles entered the space between the spore and exosporium.
Ferritin. A mixed aqueous suspension ( 2 ml) of 3-2 x I O~ spores with 2 -5 mg of ferritin was slowly shaken in a 25 ml conical flask for 1-5 h at room temperature. Two 0.5 ml samples were removed and centrifuged at 2000 g for 5 min at 2OC. One pellet was then suspended in the fixative of Kellenberger, Ryter & Sechaud (1999, while the other pellet was washed by resuspending in distilled water and recentrifuging. Sections (see Methods) of spores from both pellets showed the presence of large numbers of ferritin molecules in the space enclosed by the exosporium. The single wash almost entirely removed extraneous ferritin but ferritin molecules remained trapped within the perisporal space (Fig. I a) .
T 6 coliphage. An aqueous suspension (I ml) containing 108 spores and 2.7 x 1011 T 6 phage particles was incubated with gentle shaking for 2 5 h at room temperature and then divided into two portions. One was centrifuged at 2000g for 5 min, the supernatant discarded and the pellet resuspended in Kellenberger et al. (1958) fixative. The other portion was similarly centrifuged but the pellet was washed with 2 ml of water before being recentrifuged and suspended in fixative. Again sections showed (Fig. I b) that the particles (easily identifiable by their characteristic shape) had gained access to the perisporal space and had not been expelled by the washing procedure.
Exosporiur~i of C. pasteurianum 329 Relationship between the spore and its exosporium. Scanning electron micrographs showed the exosporium as a flimsy integument draped around the rigid spore body (Fig. 2a) . Similar collapse of the exosporium during the preparation of carbon replicas (Fig. 2 b) gave rise to obviously distorted preparations quite unlike the characteristically shaped exosporium seen in thin sections (Mackey & Morris, 1971) . In an attempt to minimize distortion and to retain the 'normal' three-dimensional structure of the exosporium we used the criticalpoint drying method of specimen preparation (Methods). Fig. 3(a) shows the dense spore core within its spore coat apparently slung by ' suspensors' from the exosporium. We interpret Fig. 3(b) as a view of the spore seen through the open base of the exosporium, this opening being even more obvious in Fig. 3(c) in which surface ridges (folds) of the exosporium are also quite plainly seen. We had previously obtained sections in which the occasional inclusion could be discerned apparently connecting the exosporium with the spore coat (Fig. 4) . In a freeze-etched, fractured specimen (Fig. 5 b) there was some indication of the existence of a loosely woven layer interposed between the broken exosporium and the spore coat.
Fine Structure of the exosporium
Transverse sections of the exosporium of Clostridiurn pasteurianum ( Fig. 8a ; Mackey & Morris, 1971) showed that it was a simple, multilamellar structure which was thickest at its apex and thinnest towards its base due to some of the lamellae having extended less far than others. The interlamellar repeat distance (centre-to-centre spacing) was about 5 nm and the repeat distance (centre to centre) of component subunits in each lamella was again about 5 nm (and not 2-1 nm as previously reported in Mackey & Morris, 1971) . The outermost lamella resembled those internal to it and no covering membrane or nap was dis- cernible. In a freeze-etched preparation of a complete spore (Fig. 5a) the surface of the exosporium was very finely ordered; only where minute breaks had occurred was a more pronounced pattern of more widely separated pits discernible in deeper layers. Negative staining (Fig. 6 ) produced evidence of a lattice structure which in surface view had apparently hexagonal periodicity; in some lamellae the foci of staining were spaced 5 nm apart ( Fig. 6a) , in other preparations the repeat distance was 10 nm (Fig. 6b) , while in others both 5 nm and 10 nm periodicities were displayed (Fig. 6 c) . In platinum-shadowed specimens (Fig.  7a ) the subunits were much more prominent on the inner surface of the exosporium than on its outer surface. Fig. 7(c) shows the optical diffraction pattern given by a much magnified segment of the inner surface of the platinum-shadowed exosporium (Fig. 7b) . Analysis of Fig. 5(a) , showing hexagonal pattern of pits (10 nm periodicity) in infralayer revealed by damage to surface of exosporium. (d) Enlarged portion of freeze-etched specimen shown in Fig. 5 (a) , showing hexagonal array of subunits (with 5 nm periodicity) forming the outer surface of the exosporium.
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Exosporium o j C. pasteurianum 335 the angles and periodicities in this pattern confirmed the 5 nm separation and hexagonal arrangement of the subunits, reinforcing the view of the lattice structure obtained by direct visual examination both of negatively stained preparations such as that shown in Fig. 6(a) , and of transverse sections (Fig. Sa, b) . Further evidence of the paracrystalline nature of the structure was provided by the distinctive appearance of fragments of disintegrated exosporium (Fig. 9 ).
D I S C U S S I O N
The accessibility of the perisporal space to ferritin and phage particles confirmed our previous finding that the exosporium of Clostridium pasteurianum only incompletely envelopes the spore and poses no permeability barrier. The terminal opening can be of considerable size (Fig. 3b, c) and, although fraying and other damage during centrifuging and subsequent manipulations could enlarge this hole, all the evidence suggests that the exosporium of autolytically liberated spores of this strain is invariably open-ended. No spore appendages were observed and one is left to speculate whether the exosporial opening serves any useful function. After germination, the outgrowing vegetative cell invariably emerges through this opening leaving behind a seemingly intact exosporium (Mackey & Morris, During the synthesis of exosporium the perisporal space is filled with 'mother cell' cytoplasm, and, although this is perhaps the first portion of the maternal plasm to undergo autolysis (Mackey & Morris, 1971) , we do not know how far this lysis proceeds. Thus the perisporal space may (i) be filled with residual maternal cytoplasm (albeit partially lysed), (ii) contain some novel connective plasm, (iii) be traversed by filamentous ' suspensors' whereby the spore is slung within the exosporial sac, or (iv) be empty of plasm or connective strands. In any event, because of the basal opening in the exosporium the perisporal contents will be in direct contact with the suspending medium.
The micrographs obtained after critical point drying (Fig. 3) suggest the existence of ' suspensors'. These are easily distinguished from folds in the exosporium (Fig. 3 c) and are particularly evident in Fig. 3(a) . The appearance of the electron-dense spore core within its 1972). Fig. 6(c) (magnified approximately x 3000000) . (b) Plausible interpretation of (a); a model in which doughnut-shaped subunits are arranged in hexagonal array. (c) Model demonstrating how the dual 5 nm and 10 nm hexagonal periodicities discernible in a negatively stained fragment of exosporium (Fig. 6c) could result from the superposition of distinctively patterned layers. more electron-lucent coat (Fig. 3a) is similar to that of viable spores of Bacillus subtilis viewed by high-voltage electron microscopy (Dupouy, I 968), but the connective threads seen in Fig. 3 could still be artifacts produced during sample preparation. In particular they could be denatured threads of material extracted from the spore coat and/or exosporium by the ethanol and amyl acetate treatment that preceded the critical-point drying. Besides the presence of perisporal inclusions in stained sections of spores (Fig. 4) our only evidence for the existence of such connective material is that provided by the freeze-etched, fractured specimen (Fig. 5b) which seems to indicate the presence of a loosely woven layer between spore coat and exosporium.
The simple multilamellar nature of the exosporium and the regularly 5 nm spaced subunit structure of each layer was evident in stained, transverse sections (Fig, 8a) . From the manner in which the exosporium was formed within the mother cell plasm, growing from the apex, with the outermost lamellae attaining the greatest length and enclosing progressively shorter inner lamellae (Mackey & Morris, 1971) , it would seem that each lamella may be considered as a paracrystalline sheet whose growth consists of accretion and self-assembly of subunits in an extending two-dimensional lattice. In surface views of negatively stained (Fig. 6 ) and metal-shadowed (Fig. 7) specimens these subunits were arranged in a repeating pattern of regular hexagons, so that overall, in a niultilainellar section of exosporium, the subunits are arranged as if in a close-packed hexagonal, three-dimensional lattice. Thus in its fine structure the exosporium of Clostridium pasteurianurn might resemble the basal layer of the exosporium of BaciZZus cereus (Beaman et a/. 1971 ) and the exosporium of C. botulinum type E, OS24AS (Hodgkiss et al. 1967) , though with its interunit repeat distance of 5 nm it even more closely resembles the laminar inclusions found in the perisporal region of Bacillus megateriuin M G I~ (Beaman et al. 1972) . However, closer examination of the surface views obtained by negative staining and freeze-etching procedures suggests that the exosporial substructure may be more complicated than is indicated by the appearance of transverse sections. Thus, while the freeze-etched specimen (Fig. 5a, 8d ) demonstrated in the outer surface of the exosporium the expected arrangement of subunits in hexagonal array with 5 nm periodicity, it also suggested the existence of an infralayer bearing a hexagonally ordered pattern of pits with 10 nm periodicity (Fig. 8c) . In the thinnest, negatively stained flakes of exosporium (Fig. 6 a ) the foci of staining were hexagonally ordered with 5nm periodicity, but in some thicker fragments larger foci of staining predominated, again hexagonally arranged but with ~o n m periodicity (Fig. 6b) ; both of these patterns were simultaneously discernible in other fragments (Fig. 6c, Ioa) .
It is difficult to reconcile the duality of surface pattern with the proposition that each lamella is composed of identical subunits spaced 5 nm apart. The model structure shown in Fig. Io(b) supposes the subunits to be 'doughnut' shaped, each with a central hole which forms the smaller focus of negative staining, these being hexagonally disposed around vacant sites which are the larger foci of negative staining. An alternative model shown in Fig. IO(C) supposes that the lamellae only contribute the hexagonally ordered pattern of subunits with 5 nm periodicity, the interstitial layers (electron-lucent in Fig. 7 a) supplying the hexagonal pattern of 10 nm periodicity, i.e. of pits in the freeze-etched infralayer (Fig. 8c) and of larger foci of negative staining (Fig. 6b) .
Neither of these models is entirely convincing, and, until more is known of the composition and shape of subunits liberated from solubilized exosporial fragments, it may not be profitable to indulge in further structural speculations.
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